Increasing the expression of various glycolytic operons in Zymomonss mobilis caused a significant decrease rather than increase in the glycolytic flux and growth rate. Because the relative decrease depended on the amount of overexpressed protein, and was independent of which enzyme was overexpressed, we attributed it to a protein burden effect. More specifically, we examined if the decrease in glycolytic flux could be explained by a decreased concentration of other glycolytic enzymes (for which glucokinase was used as a marker enzyme). Using the summation theorem of metabolic control theory we predicted the extent of this protein burden effect. The predictions were in good agreement with the experimental observations. This suggests that the negative flux control is caused either by a simple competition of the overexpressed gene with the expression of all other genes or by simple dilution. Furthermore, we determined the implications of protein burden for the determination of the extent to which an enzyme limits a flux. We conclude that a protein burden can cause a significant underestimation of the flux control coefficient, especially if the enzyme under investigation is a highly expressed enzyme.
INTRODUCTION
Attempts to optimize metabolic processes, by overexpression of enzymes that are thought to be important in the determination of the overall rate of formation of the desired product, often lead to negative results (Schaaff e t al., 1989; Niederberger et a/., 1992) . This can be due to: (1) an intuitive overestimation of the actual importance of the enzyme in the production process -a clear distinction should be made between essential and controlling enzymes (Jensen e t a/., 1993a, b) ; (2) a shift of control upon overexpression (De Hollander, 1994; Small & Kacser, 1993) ; or (3) additional effects caused by the overexpression (Bailey, 1993) . In the first case a quan- Abbreviations: ADH, alcohol dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; G6PDH, glucosed-phosphate dehydrogenase; G LK, g I uco ki nase ; PDC, pyruvate decarboxy I ase ; PG K, phosp hog I ycerate kinase; PGM, phosphoglycerate mutase.
titative metabolic control analysis should lead to the identification of the enzymes that do exert flux control (Kacser & Burns, 1973; Heinrich & Rapoport, 1974; Groen e t a/., 1982; Fell, 1992) . In the second case combined overexpression of a group (module, Schuster e t al., 1993) of enzymes should help (Small & Kacser, 1993) . In the third case, the unspecific negative effects can be divided into energetic effects (costs to produce extra protein) and competitive effects (if the proteinsynthesizing machinery is limiting). In this paper we will use the term protein burden for the negative effect on any part of cell function caused by the overexpression of a protein independent of its catalytic activity. In order to evaluate the importance of an enzyme for the control of any flux under study, it is important to distinguish specific negative effects of the catalytic activity from this 'nonspecific ' protein burden. Thus, a quantitative analysis of the negative effects of expression of recombinant protein is needed. The protein burden effect has been recognized for quite some time but was shown to be difficult to quantify (Koch, 1983) . Initial experiments by Novick & Weiner (1957) showed a negative effect of the 'gratuitous' expression of genes of the lac operon. Andrews & Hegeman (1 976) discuss some experiments attempting to measure protein burden. They concluded that there is a measurable reduction in growth rate among strains with high levels of nonfunctional protein but at low levels of expression these effects are small. The mechanism via which this burden is translated in the cell is not known. Many studies have mentioned potentially negative energy aspects of, for instance, the maintenance of plasmids (Seo & Bailey, 1985) or the production of the recombinant protein (Koch, 1983) . For a review on host-vector interactions in Escbericbia coli see Bailey (1993) . However, it was not substantiated that these processes had actual control over the aspect of cell function that was studied (usually growth rate). Koch (1983) concluded that permease insertion into the cytoplasmic membrane (for the case of the lac operon which has always been used as a model system) is deleterious and slows growth more than could be accounted for by the synthesis of unneeded protein.
In metabolic control analysis, the extent to which an enzyme controls a flux, the enzyme's flux control coefficient (Burns e t al., 1985) , is defined operationally as the percentage increase in flux resulting from a 1 % activation of the enzyme (Kell & Westerhoff, 1986; Kell, 1987) . An important way experimentally to activate an enzyme is to enhance the expression of the corresponding gene so as to increase the concentration of the enzyme (Walsh & Koshland, 1985) . However, overexpression of the enzyme concentration might lead to an underestimation of the flux control due to protein burden. In control theory the negative effect on cell function and flux caused by protein burden would be translated into a negative control coefficient. In this study we report on effects of overexpressing several of the glycolytic enzymes of Zymomonas mobilis, the activities of which appeared to have no control on the glycolytic flux (Arfman et al., 1992; Yomano e t al., 1993) . We could attribute the negative effect on glycolytic flux to the protein burden resulting from the synthesis of plasmid-encoded protein.
METHODS
Bacterial strains, plasmids and growth conditions. Z. mobilis strains were grown at 30 O C in complex medium as previously described (100 g glucose 1-') but without nalidixic acid (Arfman et al., 1992) . Tetracycline (10 mg 1-') was added as appropriate for selection. Where indicated, media included 2 mM IPTG. Plasmid construction and recombinant strains have been described previously by Arfman et al. (1992) and Yomano et al. (1993) . Minimal coding regions of the respective genes were amplified from chromosomal Z. mobilis DNA using the polymerase chain reaction and included terminal restriction sites for directional insertion into pLOI706EH. This vector contains an RSFlOlO replicon, the tac promoter and the lac19 repressor gene (Arfman e t al., 1992) . Measurement of glycolytic flux. Glycolytic flux was measured as CO, evolution from 1 1 cultures as previously described by Arfman et al. (1992) but using an acoustic flow meter (model ADM 2000, J&W Scientific). Nalidixic acid was omitted resulting in a 15 % higher rate of flux than previously reported by Arfman et al. (1992) . Results are expressed as pmol CO, evolved min-' (mg cell protein)-' (qco,). Reported values for qco, were determined at culture densities of OD,,, 1.0-2.0.
Measurement of enzyme activities.
Cultures were harvested by centrifugation at approximately OD,,, 2.0. For glucokinase (GLK), glucose-6-phosphate dehydrogenase (G6PDH), phosphoglycerate mutase (PGM), pyruvate decarboxylase (PDC), phosphoglycerate kinase (PGK), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) assays, pellets were washed and resuspended in 20 mM MES/KOH (pH 6.5) containing 2 mM MgCl,, 50 mM NaCl and 10 mM / 3-mercaptoethanol. For alcohol dehydrogenase (ADH) assays, 10 mM sodium ascorbate and 0-5 mM ferrous ammonium sulfate were added to this buffer. After disruption in a French pressure cell, specific activities were determined for GLK , NAD+-dependent G6PDH (Scopes e t al., 1985) , PGM (Pawluk et al., 1986) with the addition of 0.1 mM 2,3-bisphosphoglyceric acid, PDC (Neale e t al., 1987) , GAPDH (Pawluk e t al., 1986) , PGK (Pawluk e t al., 1986) and for 'total ADH' (Neale e t a!., 1986). Protein was measured using the dyebinding assay (Bradford, 1976) .
RESULTS

Overproduction of glycolytic enzymes leads to a protein burden effect on CO, production
The catabolic flux from glucose to ethanol has been studied quite extensively in Z. mobilis (Osman e t al., 1987; Arfman e t al., 1992; . Our current study focused on effects of protein burden and we limited ourselves to six of the glycolytic enzymes. The selected enzymes are relatively simple to assay and have been well characterized. Initially they were found to be present at concentrations that were not controlling glycolytic flux (Arfman e t al., 1992; Yomano e t al., 1993) . We overexpressed these enzymes using a controllable expression vector and studied effects on the glycolytic flux (as measured as CO, evolution rate) and specific growth rate. As was shown before, Zymomonas strain CP4 containing the empty vector [CP4(pLOI706EH)] exhibited no difference in growth rate, glycolytic flux, or glycolytic enzyme activities as compared to the same strain without that vector (Arfman e t al., 1992; Yomano e t al., 1993) . However, overexpression of the glycolytic enzymes from that same vector caused a decrease in growth rate and glycolytic flux, an effect which was stronger in the presence of IPTG (Table 1) . In order to distinguish between a negative effect due to the catalytic activity of the enzymes and a negative effect of the burden placed on the cell to make additional protein, we calculated for each case how much protein was overexpressed. The calculation was based on the specific activity of the purified enzyme and the increase in specific activity in the recombinant strain as compared to the strain with the empty plasmid, CP4(pLOI706EH). Dividing these two activities yielded the change in amount of recombinant protein per total cell protein : A (activity per unit total protein)/(activity per unit pure enzyme) = A (unit pure enzyme/unit total protein). The specific activities of the purified enzymes were taken from the Values are means &estimated SEM from two or more experiments. The estimated SEM was calculated as (SEM)' = X(xi -5i)2/n*(n-I), where xi refers to the observed value, % to the mean value and n to the number of observations. (Fig. 1) . Independently of which of the six enzymes was overexpressed, glycolytic flux decreased rather than increased.
Strain, plasmid, gene
By definition protein burden is independent of the enzyme that is overexpressed; it is not the specific activity of the enzyme that is causing the negative effect but the amount of protein that is incorporated in the overexpressed enzyme. This should be reflected in a correlation between the amount of recombinant protein that is overexpressed A (recombinant protein/total protein) and the percent decrease in flux and growth rate. Fig. 1 suggests that this correlation exists : its data points refer to various enzymes with different specific activities and different expression levels. Not the specific activities per .re but the extra production of protein caused the decrease in flux. A similar correlation was observed between the relative amount of protein that is overproduced and the relative decrease in growth rate (Fig. 1) . The observed correlation in Fig. 1 cannot now be interpreted mechanistically, i.e. the protein burden can be due to an energetic effect (extra costs to synthesize additional protein) or to an effect on the capacity of the biosynthetic apparatus (the cell not being able kinetically to cope with synthesizing both its ' own ' and the plasmid-encoded proteins).
Estimation of the extent of the protein burden effect
When a protein without direct flux control is overexpressed, this may lead to a reduction in the relative concentration (a 'dilution ') of other proteins. These other proteins may well include the proteins that exert control on the flux under study. In fact, because total flux control by all enzymes equals 1 (for exceptions see below), one should expect a reduction in flux when one overexpresses an enzyme that does not control that flux directly. To test J. L. S N O E P a n d OTHERS 0*05 c. the first part of this hypothesis, i.e. that other enzymes are diluted, we measured the ' dilution ' of a marker glycolytic enzyme, GLK. Indeed a decrease in GLK activity in a dose-dependent manner was observed upon overexpression of plasmid-encoded protein (Fig. 2) . When elaborating the concept of negative flux control through the protein burden effect, the precise result might be expected to depend on how expression of the neutral protein affects the concentration of the flux-controlling proteins. We therefore analysed two models in detail.
(1) The competitive model. There is very strict competition in the sense that the increase in synthesis of e, is compensated for by an equal decrease in the total synthesis of all other proteins: 6e = 0. Here e represents total protein in the cell and el is the protein in the overexpressed enzyme. In a special case of the latter model, the 'equal competition model', all proteins decrease in the same proportion.
(2) The noncompetitive model. There is no competition for protein synthesis, and also otherwise no effect of the increased synthesis of enzyme 1 on the synthesis of the other proteins. The effect of overexpression of recombinant protein el on activities of other proteins ( e j ; j + 1) can be predicted according to either of these models. In the equal competition model all enzyme concentrations other than el will be decreased to the same relative extent and this decrease will be equal to the change in el relative to all other proteins. Since in the equal competition model the total protein content remains constant, changes in enzyme concentrations are directly related to changes in enzyme activities (cf. Appendix 1, equation 4)
Here aj is the specific activity of any enzyme, ej, in the pathway (except enzyme 1).
In Appendix 2 we show that in the noncompetitive model exactly the same relation (equation 15) between the relative change in aj and the overexpression of e, (total protein)-' is expected as in the equal competitive model, provided that there is no effect of any energetic burden on protein synthesis.
The predicted relationship based on the two models between the relative change in GLK activity and the change in el relative to all other proteins is given by the solid line in Fig. 2 . It appears that the observed 'dilution' of GLK is similar to that expected on the basis of the models. That the dilution is actually somewhat greater than expected may be partly due to the energy cost of the additional protein synthesis if the noncompetitive model holds. At least semiquantitatively, Fig. 2 thus confirms the first aspect of the protein burden concept : overexpression of recombinant protein resulted in a decrease of the activity of other proteins.
The second aspect of the protein burden concept is that this decrease could be responsible for the decrease in glycolytic flux observed in Fig. 1 & Westerhoff, 1994 . This prediction is independent of any specific protein burden model. Taking the relative changes in GLK activity as representative for the relative changes in activity of the enzymes that control the glycolytic flux, the prediction is that the relative change in flux equals the relative change in GLK activity (equation 6, Appendix 1). In Fig. 3 the observed relative changes in GLK activity and glycolytic flux are plotted. Indeed the fractional decrease in GLK activity showed the expected correlation (with a slope close to 1) with the fractional change in glycolytic flux (Fig. 3) . Not only the glycolytic enzymes but also the biosynthetic enzymes should be diluted and indeed a similar decrease in growth rate as in glycolytic flux was observed (Fig. 3 ).
Interestingly, one should be able to estimate how the flux will be reduced upon overexpression of protein as one can predict how the nonoverproduced proteins will be diluted. In Appendices 1 and 2 we derived the expected relationship between the relative amount of overproduced protein and the decrease in activity of other proteins (equations 4 and 15 for the competitive and noncompetitive model, respectively). Again we assumed that the proteins that are overexpressed have no direct control on the flux of interest and thus that the sum of control coefficients of the other proteins will be 1. The line in Fig.  1 is drawn on the basis of the expected relationship (equation 7, Appendix 1). Clearly, it comes close to fitting the experimental flux data.
Protein burden and the analysis of metabolic control
The extent to which an enzyme (el) One way in which such a flux control coefficient has been measured has been by increasing the concentration of the enzyme by manipulation of gene expression. In practice, both the flux J and the enzyme concentration are taken per unit biomass, and the control coefficient is estimated by dividing the relative change in specific flux by the relative change in specific enzyme activity with: J' = J/e and el = el/e. Importantly, in this second operational definition, it is not ascertained that the other enzyme activities do not change. This difference becomes relevant when the gene expression is changed (we shall not deal with this case here, see Westerhoff et al., 1990) . In Appendix 1 (equation 10) it is shown how the fractional change in specific flux (J' = J/e) is related to the relative change in the specific concentration of the overexpressed protein (e,/e) This equation shows that whenever Cfl < 1, C:l (app) < C:. Consequently, if one determined the control coefficlent of e, with respect to J by increasing the concentration of el, without correcting for the protein burden effect, one would obtain C t (app) rather than Cfl : the latter would be underestimated. The underestimation would become more pronounced at higher concentrations of the recombinant protein relative to total protein.
Surprisingly, in the noncompetitive model exactly the same underestimation of the flux control coefficient would be made (Appendix 2). Although according to this model there is no change in absolute flux and enzyme concentration, there is still a decrease in flux and enzyme concentration (total cell protein)-' due to the increase in total protein content of the cell. Consequently, due to the way we express glycolytic flux and enzyme concentration [i.e. (mg total cell protein)-'], there is no apparent difference between the two models. However, although the decrease in glycolytic flux that is predicted according to the two models might be the same, the actual cause is fundamentally different ; in the noncompetitive model there is a decrease in specific activity of the other enzymes due to the increase in total protein content while in the competitive model this is due to a decrease in the synthesis of these enzymes.
The equations containing control coefficients as derived in Appendices 1 and 2 refer to (per definition) small changes in el. However, the assumption that el has no control on flux and that all control is thus located in the rest of the enzymes of the pathway allows derivation of equations that are valid also with larger changes in el (equations 1-7 of Appendix 1 ; equations 13-15 of Appendix 2). The expected relationships between the relative change in J and the change in e, (total protein)-' indicate that the values as predicted with the two models fit quite well with the experimental data. Fig. 4 shows how the difference between the apparent and true flux control coefficient of enzyme 1 is predicted to vary with the specific concentration of enzyme 1 (el/e) for various magnitudes of its control coefficient. Only if enzyme 1 has full control, the apparent control coefficient equals the true control coefficient of 1. When enzyme 1 contributes less than 5 YO to the total protein concentration of the cell, the apparent control coefficient underestimates the true control coefficient only marginally. However, if enzyme 1 contributes 15 % and its true control coefficient is zero, its apparent control coefficient is approximately -0.2. Fig. 4 shows that the higher the enzyme concentration and/or the more negative its flux control coefficient the greater the difference between the true and apparent control coefficient.
DISCUSSION
Negative effects on cell function (cell growth in particular) have been widely observed upon overexpression of protein from plasmids. Explanations that have been proposed for this protein burden have eluded experimental verification. This was partly because the precise mechanism of the protein burden effect was uncertain and proposed mechanisms were unlikely, and partly because it was difficult to predict how extensive the protein burden effect should be for any proposed mechanism. Because protein synthesis constitutes one of the major free-energy sinks of the growing prokaryote (Stouthamer, 1979) , some explanations of the protein burden effect focused on the possibility that the extra protein synthesis compromises the free-energy state of the cells. The living cell might be optimal in terms of its protein composition and any extra protein synthesis would waste free energy already destined for useful processes (Marr, 1991) . However, in many cases the free-energy availability does not seem to be the main concern for an organism (Stucki, 1980; Westerhoff e t al., 1983; Tempest & Neijssel, 1984; Jensen e t al., 1993a, b; Linton, 1991) . Estimation of the extent of this energy-related protein burden effect again suffered from difficulties in estimating the free-energy cost of the synthesis of the extra proteins, and the free-energy dependence of growth rate (Dykhuizen & Hartl, 1983; Koch, 1983; Diamond, 1986) . Perhaps the most important aspect of the present paper is that it quantifies a protein burden effect that does not depend on where precisely the limitation lies. From the summation principles embodied in metabolic control analysis, one can derive from the extent to which the protein that is overexpressed controls (limits) a flux or growth rate, the extent to which all other enzymes limit the flux. This then allows one to predict the protein burden effect of overexpressing a protein. The present paper also showed that this prediction was in line with the experimental results. Importantly, our results are independent of assumptions as to what limits flux or growth rate. Furthermore, they do not depend on postulating an optimum state of the cells, such as was done in other work that predicted the relative magnitudes of control coefficients (Brown, 1991 ; Schuster & Heinrich, 1992 ; Wilhelm e t al., 1994) . More specifically, we showed that the overexpression of plasmid-encoded protein led to the dilution of other enzymes and this had a negative effect on both glycolytic flux and growth rate. We derived equations describing the effect of protein burden on the determination of flux control coefficients. We based these equations on the assumption of ideal metabolism, such that the sum of the enzymes' flux control coefficients equals 1. Exceptions to this rule occur in cases of metabolic channelling (Kell & Westerhoff, 1985 ; Kholodenko & Westerhoff, 1993) , in organized multienzyme systems, and group transfer (Van Dam e t al., 1993) . The equations can be readily adjusted to these cases, but we have opted for simplicity here. If these complications were inserted, then the protein burden effect might be increased (up to a doubling). This could be in line with Fig. 1 .
Differences between the two models describing protein burden (the noncompetitive and the competitive model) are insignificant because of the way in which the metabolic flux and enzyme concentrations are expressed. If flux and enzyme concentrations were expressed as an absolute value, say per cell rather than per total protein, then no protein burden would be observed according to the noncompetitive model. In the competitive model, the resulting effect on protein burden is independent of how changes in enzyme concentrations or metabolic fluxes are expressed, as the total protein concentration does not change.
Most likely, the assumption that all enzymes are diluted to the same extent, in the equal competition model, is an oversimplification : for instance, if the ribosomal-binding sites of the different proteins would not be saturated (Jensen & Pedersen, 1990) and/or have different affinities for ribosomes, not all proteins concentrations would decrease in the same proportion. Recently it was observed in E. coli that upon gratuitous overexpression of /3-galactosidase or truncated tzlJ23, the expression of six other proteins proportionally decreased, which is in agreement with our data. In contrast, synthesis of the heat-shock proteins DnaK and GroEL increased, suggesting a different regulation of the synthesis of these stress proteins. In the study a dramatic decrease in the proteinsynthesizing capacity was observed at high levels of overexpression and the authors suggested that the cessation of both growth and translation is not simply a result of a proportionate dilution of normal proteins (Dong e t al., 1995) .
Usually effects of protein burden in optimization of catabolic fluxes will be of minor importance due to relatively low concentrations of the enzymes in catabolic routes. In some organisms, however, this should be different ; indeed protein burden was evident upon overexpression of glycolytic enzymes in Z. m0bili.r. This organism reserves about 50 YO of its cytoplasmic protein for glycolytic enzymes . Consequently, these enzymes are present at high concentrations and the organism may well be more sensitive to protein burden than, for instance, E. coli.
In studies considering control of flux or growth rate in E. coli (e.g. Ruijter et al., 1991; Chao e t al., 1993; Van der Vlag etal., 1994) (1989) high copy number vectors were used for overexpression of glycolytic enzymes in yeast and rather large increases in enzyme activity were concluded to have no significant increase in flux. For instance, the 13.9-fold increase in GLK activity resulted in only a 1-07-fold stimulation in the ethanol-production rate. Here a protein burden effect may have caused an underestimation of the importance of the enzyme.
In this paper we showed that the effect of protein burden on cell physiology can be significant. This is in contrast to what has been proposed before by Koch (1983) . Furthermore, we were able to predict the extent to which the protein burden effect influences glycolytic flux and cell growth. This prediction was based on the feature that the sum of the control coefficients of the enzymes that are not overexpressed is 1 minus the control of the overexpressed enzyme. The reasonable fit between the experimental data and this simple model indicates that energy costs do not always have to be taken explicitly into account when dealing with the protein burden effect.
APPENDIX 1 : The equal competition model
In the competitive model the total enzyme concentration is constant A x e i = A e = O
(i10 i
Here Aei refers to the change in concentration of e,; this change is not necessarily small. Consequently, the increase in synthesis of ei is compensated for by an equal decrease in the total synthesis of all the other proteins n j = 2 Aej = --el
In the equal competitive model, with equal fractional changes in all e, other than el, this leads to the equation
Since Ae = 0, changes in enzyme concentration are directly related to changes in specific enzyme activities (aj = ej/e)
Equation 4 was used to calculate the solid line in Fig. 2 .
Assuming no control of el on the flux, and thus full control of all the other enzymes, i.e. n j-2 equation 6 was used to calculate the line in Fig. 3 .
By substituting equation 6 in equation 4 this can be rewritten as
Equation 7 was used to calculate the solid line in Fig. 1 .
We note that equations 1-7 do not require the changes in el to be infinitesimally small. In the following we shall assume that the change in el is infinitesimal. The expression of el has an effect on the synthesis (equation 1) and specific activity (equation 4) of all the other enzymes. This has consequences for the determination of control coefficients, as the flux J can be dependent on all enzymes in the pathway 
Using the summation theorem, Zy=l CG = 1, this yields Although synthesis of el will not lead to a difference in concentration of ej, due to the increase in the total amount of protein there will be an effect on aj, which represents the specific activity of ej Consequently, provided the flux is expressed per unit total protein the same relationship between the apparent and the true flux control coefficient is expected for the noncompetitive and the equal competition model.
